
Kariuki et al. BMC Microbiology          (2023) 23:129 
https://doi.org/10.1186/s12866-023-02849-2

RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Microbiology

Plasmid-mediated quinolone resistance 
genes detected in Ciprofloxacin non-susceptible 
Escherichia coli and Klebsiella isolated 
from children under five years at hospital 
discharge, Kenya
Kevin Kariuki1,2*, Mame Mareme Diakhate3, Susan Musembi2, Stephanie N. Tornberg‑Belanger4, Doreen Rwigi1, 
Timothy Mutuma1, Elizabeth Mutuku1, Kirkby D. Tickell3, Olusegun O. Soge3, Benson O. Singa3,5, 
Judd L. Walson3,6,7, Patricia B. Pavlinac3,6* and Samuel Kariuki1 

Abstract 

Background The increasing spread of fluoroquinolone resistant enteric bacteria is a global public health concern. 
Children recently discharged from the hospital are at high risk of carriage of antimicrobial resistance (AMR) due to fre‑
quent exposure to antimicrobials during inpatient stays. This study aimed to determine the prevalence, correlates 
of ciprofloxacin (CIP) non‑susceptibility, and distribution of plasmid‑mediated quinolone resistance (PMQR) genes 
in Escherichia coli (E. coli) and Klebsiella spp isolated from children under five years being discharged from two Kenyan 
Hospitals.

Methods E. coli and Klebsiella spp were isolated from fecal samples from children discharged from hospital and sub‑
jected to antimicrobial susceptibility testing (AST) by disc diffusion and E‑test. CIP non‑susceptible isolates were 
screened for seven PMQR genes using multiplex polymerase chain reaction (PCR). Poisson regression was used 
to determine the association between the carriage of CIP non‑susceptible isolates and patient characteristics.

Results Of the 280 CIP non‑susceptible isolates: 188 E. coli and 92 Klebsiella spp isolates identified among 266 
discharged children, 195 (68%) were CIP‑non‑susceptible with minimum inhibitory concentrations (MICs) of ≥ 1 µg/
mL. Among these 195 isolates, 130 (67%) had high‑level CIP MIC =  ≥ 32 µg/mL). Over 80% of the isolates had at least 
one PMQR gene identified: aac(6’)lb-cr (60%), qnrB (24%), oqxAB (22%), qnrS (16%), and qepA (6%), however, qnrA 
was not identified in any isolates tested. Co‑carriage of qnrB with acc(6’)-lb-cr was the most predominant accounting 
for 20% of all the isolates. Ceftriaxone use during hospital admission and the presence of extended spectrum beta‑
lactamase (ESBL) production were significantly associated with the carriage of CIP non‑susceptible E. coli and Klebsiella 
spp.
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Conclusion CIP non‑susceptibility is common among E. coli and Klebsiella spp isolated from hospital discharged 
children in Kenya. Carriage and co‑carriage of PMQR, including the newly identified qepA gene, were frequently 
observed. These findings suggest that children leaving the hospital may serve as an important reservoir for transmis‑
sion of resistant E. coli and Klebsiella spp to the community. Enhanced surveillance for AMR determinants is critical 
to inform interventions to control antimicrobial‑resistant bacteria.

Keywords Ciprofloxacin, Escherichia coli, Klebsiella spp, Post‑hospital discharge, Fluoroquinolones, Antimicrobial 
resistance

Background
AMR is a global public health threat associated with 
morbidity, rehospitalization, longer hospital stays, and 
mortality [1, 2]. In sub-Saharan Africa (SSA), antibiotic-
resistant pathogens are major drivers of morbidity and 
mortality in children under five years of age, fuelled by 
inappropriate antibiotic use and poor sanitation [3] lead-
ing to the selection and spread of antibiotic-resistant 
bacteria [4]. Estimates by the 2019 report on the Global 
Burden of Bacterial AMR identified SSA as the highest 
contributor to the global AMR burden [5].

Commensal resident gut bacteria such as E. coli and 
Klebsiella pneumoniae (K. pneumoniae) play a critical 
role in AMR as they act as reservoirs for the carriage 
of AMR determinants [6, 7]. These enteric bacteria can 
become pathogenic or may transfer AMR genes to other 
pathogenic Enterobacterales, such as Salmonella and 
Shigella [8]. The acquisition of AMR and virulence fac-
tors by commensal E. coli and Klebsiella spp is medi-
ated by mobile genetic elements, such as plasmids and 
transposons, via horizontal gene transfer [9]. Antibiotic 
resistance in commensal enteric bacteria, such as K. 
pneumoniae and E. coli, has been reported in 85–90% 
of World Health Organization (WHO) member state 
regions [10].

Fluoroquinolones such as ciprofloxacin (CIP) are effec-
tive broad-spectrum antibiotics used for the treatment of 
bacterial infections making them a recommended choice 
of therapy for enteric infections such as salmonellosis 
and shigellosis [11]. The emergence of fluoroquinolone 
resistance has reduced therapeutic options, especially 
for Enterobacterales infections [12]. Fluoroquinolone 
resistance is mediated by two mechanisms: chromosomal 
mutations in DNA gyrase and topoisomerase IV enzymes 
and plasmid-mediated quinolone resistance (PMQR). 
Mutations in fluoroquinolone binding sites during DNA 
replication mediate high-level fluoroquinolone resist-
ance[13]. Mechanisms of PMQR genes include protection 
of DNA gyrase and topoisomerase IV from quinolone 
activity mediated by qnr genes: qnrA, qnrB, qnrC, qnrD, 
and qnrVC [14]. The aminoglycoside-modifying enzyme 
encoded by aac(6’)-Ib-cr is involved in the acetylation of 
fluoroquinolones leading to reduced susceptibility to CIP 
and norfloxacin [14]. The final mechanism is enhanced 

efflux pump activity mediated by quinolone efflux pump 
(qepA) and oqxAB associated with reduced susceptibility 
to fluoroquinolone and increased ESBLs [15].

There is a paucity of data available on fluoroquinolone 
resistance and PMQR determinants in commensal bac-
teria, especially in children under five years in Kenya. In 
this study, we sought to determine the prevalence and the 
distribution of PMQR determinants mediating CIP non-
susceptibility in E. coli and Klebsiella spp isolates from 
children being discharged from the hospital. In addition, 
we identified correlates of carriage of CIP non-suscepti-
ble isolates. This in-depth analysis will help inform the 
burden of CIP resistance carriage in children under five 
years being discharged from hospitals in SSA.

Results
Participant population and baseline characteristics
Six hundred and fifty-one isolates (406 E. coli and 245 
Klebsiella spp) were isolated from 568 children and 
subjected to AST (Fig. 1). Among the 568 children, 343 
(60.4%) were discharged from Kisii Teaching and Refer-
ral Hospital (KTRH) and 225 (39.6%) were discharged 
from Homabay County Referral Hospital (HCRH), 348 
(61.3%) were less than two years of age and 230 (40.5%) 
were female (Table  1). Prior to discharge, the median 
duration of hospitalization was 3  days [interquartile 
range (IQR) 2,6  days] with 203 (35.7%) children being 
hospitalized for ≥ 4  days. The majority of the children 
(97.7%) had their human immunodeficiency virus 
(HIV) status determined with 12 (2.1%) being HIV-
infected while 70 (12.3%) were HIV-exposed. There 
were more HIV-exposed children in HCRH 51 (22.7%) 
compared to KTRH 19, (5.5%). Common diagnoses at 
discharge were pneumonia 164 (28.9%), malaria 155 
(27.3%), and diarrhoea 108 (19%) (Table 1). The major-
ity of the children 502 (88.4%) had an antibiotic pre-
scribed during their hospitalization with penicillins 359 
(63.2%) being the most prescribed antibiotic followed 
by gentamicin 316 (55.6%) and ceftriaxone 187 (32.9%). 
Fluoroquinolones were rarely administered during hos-
pitalization with CIP being prescribed to only 2 (0.9%) 
children in HCRH and none among children from 
KTRH. Children at KTRH 328 (95.6%) compared to 
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HCRH 174, (77.3%) were more likely to be prescribed 
an antibiotic. Nearly half of the children, 266 (46.8%) 
had CIP non-susceptible isolates (46.3% E. coli and 
37.6% Klebsiella spp). Of the 83 children who had both 
E. coli and Klebsiella spp isolated, 14 (2.46%) had CIP 
non-susceptibility in both isolates.

Correlates for carriage of fluoroquinolone non‑susceptible 
E. coli or Klebsiella at hospital discharge
Children who received an antibiotic during hospitaliza-
tion were 69% more likely to have a CIP non-susceptible 
E. coli isolate (PR 1.69, [95%CI = 1.09, 2.63], p = 0.01) 
and over two times more likely to have a CIP non-sus-
ceptible Klebsiella spp isolate (PR 2.61, [95%CI = 1.05, 
6.53], p = 0.01). The presence of ESBL carriage was 
also associated with the presence of either a CIP non-
susceptible E. coli or Klebsiella spp isolate. Length of 
hospital stay was associated with CIP non-susceptible 
E. coli and children with hospitalizations extending 
more than 4 days were nearly 40% more likely to have 
CIP non-susceptible E. coli (PR 1.38 [95%CI 1.07, 1.78] 
p = 0.01). The use of either CIP or ceftriaxone were 
equally associated with CIP non-susceptible Klebsiella 
or E. coli. Children hospitalized for diarrhoea were 27% 
less likely to have a CIP non-susceptible E. coli com-
pared to those who did not present with diarrhoea (PR 
0.73 [95%CI 0.53, 1.0] p = 0.03). Similar magnitudes of 

association for hospital length and diarrhoea diagnosis 
were observed in Klebsiella isolates but were not statis-
tically significant (Table S1).

Distribution of CIP non‑susceptible isolates
Among the 266 children with CIP non-susceptible iso-
lates, we isolated 280 CIP non-susceptible isolates: 188 
and 92 E. coli and Klebsiella spp, respectively. Of the 
266 children, 14 had both a CIP non-susceptible E. coli 
and Klebsiella spp isolated. Among the 92 Klebsiella spp, 
86 were K. pneumoniae and 6 were Klebsiella oxytoca 
(K. oxytoca) (Fig. 1).

CIP MICs values for the 280 CIP non-susceptible 
isolates ranged between 0.25 – 32  µg/mL with CIP 
 MIC50  (µg/mL) of 32  µg/mL. Of the 280 isolates, 214 
(76.4%) were resistant while 61 (21.8%) were intermedi-
ate. Among the resistant isolates, high-level CIP resist-
ance (MIC ≥ 32  µg/mL) was common in almost half of 
the isolates (46.4%) most commonly among E. coli 102 
(54.3%) and slightly less in Klebsiella spp (28/92, 30.4%). 
The CIP MIC distribution,  MIC50 and  MIC90 among the 
isolates are shown in Table 2.

Distribution of PMQR determinants
Six different PMQR determinants: qnr (qnrB, and qnrS), 
enzyme modifying aac(6′)-Ib-cr, and efflux pumps (qepA, 
oqxA, and oqxB) were detected (Table  3). At least one 

Fig. 1 Flowchart of participants isolates. AMR = Antimicrobial resitanace; AST = Antimicrobial susceptiability testing; CIP = Ciprofloxacin; E. 
coli = Escherichia coli; n = Number
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of the PMQR genes was detected in nearly all (224/280, 
80%) of the screened isolates. Most E. coli and Kleb-
siella spp (40%) isolates had at least one qnr determinant 
detected. Of the qnr genes, qnrB was the most commonly 
detected qnr gene (20/188, 11%) and 47/92(51%) in E. coli 
and Klebsiella spp, respectively. In E. coli, qnrS was the 
most detected qnr gene (27/188, 14%). The qnrA gene 
was not detected in any of the E. coli or Klebsiella spp 
isolates.

The most predominant PMQR gene was aac(6’)-lb 
(167/280, 59%) identified in more than half of all CIP 
non-susceptible isolates. Klebsiella spp had more 
aac(6’)-lb positive isolates with (78/89, 85%) Klebsiella 
compared to (89/188, 47%) of E. coli isolates. All iso-
lates carrying the aac(6’)-lb gene were positive for the 
cr variant. The qepA gene was only detected in (16/188, 
9%) E. coli CIP non-susceptible isolates. The oqxAB 
complex was the most dominant efflux pump detected 

Table 1 Participant baseline characteristics

a Missing either admission or discharge dates (n = 5)
b Diagnosis are not mutually exclusive
c No documented diagnosis at discharge (n = 23)

Kisii Homa Bay Total

n N:343 N:225 N:568

Sociodemographic
 Age(months)
  1 to 5 53 15.5% 20 8.9% 73 12.9%

  6 to 11 73 21.3% 44 19.6% 117 20.6%

  12 to 23 87 25.4% 71 31.6% 158 27.8%

  24 to 59 130 37.9% 90 40% 220 38.7%

 Sex
  Male 205 59.8% 133 59.1% 338 59.5%

  Female 138 40.2% 92 40.9% 230 40.5%

 Duration of Hospitalization(days)
  0 to 2 100 29.2% 66 29.3% 166 29.2%

  3 to 4 121 35.3% 73 32.4% 194 34.2%

  > 4 117 34.1% 86 38.2% 203 35.7%

   Unknowna 5 1.5% 0 0 5 0.9%

  Median (25%, 75%) 3 (2, 6) 4 (2, 6) 3 (2, 6)

 HIV Status
  HIV unexposed 309 90.1% 164 72.9% 473 83.3%

  HIV exposed, uninfected 19 5.5% 51 22.7% 70 12.3%

  HIV infected 6 1.7% 6 2.7% 12 2.1%

  HIV‑uninfected/exposure status unknown 9 2.6% 4 1.8% 13 2.3%

 Diagnosis at Dischargeb,c

  Diarrhoea 65 19% 43 19.1% 108 19%

  Lower respiratory tract infection 117 34.1% 47 20.9% 164 28.9%

  Malaria 68 19.8% 87 38.7% 155 27.3%

  Malnutrition 24 7% 18 8% 42 7.4%

  Pneumonia 117 34.1% 47 20.9% 164 28.9%

  Upper respiratory tract infection 36 10.5% 10 4.4% 46 8.1%

 Any antibiotic used during admission (enrollment visit)
  Any antibiotics used 328 95.6% 174 77.3% 502 88.4%

  Azithromycin 2 0.6% 2 0.9% 4 0.7%

  Ceftriaxone 102 29.7% 85 37.8% 187 32.9%

  Penicillin 268 78.1% 91 40.4% 359 63.2%

  Gentamicin 241 70.3% 75 33.3% 316 55.6%

  Ciprofloxacin 0 0 2 0.9% 2 0.4%
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(61/92, 66.3%) in Klebsiella, however, none were 
detected in E. coli. Only (2/188, 1%) E. coli isolates had 
the oqxA gene, however, both of these isolates lacked 
the oqxB gene therefore none of the E. coli isolates car-
ried the oqxAB complex.

QepA sequence analysis
DNA sequencing of the qepA gene from 16 E. coli isolates 
revealed amino acid substitutions at codons 95 and 134. 
Double amino acid substitutions F95L and V134I were 
common in 9/16 (56.3%) E. coli isolates. Six qepA posi-
tive E. coli isolates carried had no amino acid substitution 
while one isolate had only V134I amino acid substitution 
(Table 4). Assigned accession numbers for the qepA gene 
from 8 representative isolates submitted to GenBank are 
as follows: OP918677, and OQ031499-OQ031505.

Distribution of co‑carriage of PMQR determinants 
per organism
A total of 225/280 (80%) isolates had at least one PMQR 
gene including; all 92 Klebsiella spp and most E. coli 
133/189 (70.37%). Interestingly, qnrB and qnrS co-
occurred in two K. pneumoniae (0.71%) isolates. Co-
carriage of qnrB with acc (6’) lb-cr was present in 12/188 
(6.4%) E. coli and aac(6′)-Ib-cr with oqxAB detected 
in 47/92 (51%) Klebsiella spp were the most prevalent 
combination of PMQR gene combinations. E. coli iso-
lates had three notable combinations of different PMQR 

Table 2 Distribution of MIC (µg/mL) per organism

CIP Ciprofloxacin, E. coli Escherichia coli, K. oxytoca Klebsiella oxytoca, K. pneumoniae Klebsiella pneumoniae, MIC Minimum inhibitory concentration, MIC50 MIC value at 
which > 50% of the isolates are inhibited, MIC90 MIC value at which ≥ 90% of the isolates are inhibited

Frequency of isolates with indicated MIC value CIP MIC50 
(µg/mL)

CIP 
MIC90(µg/
mL)

MIC values (µg/mL) 0.25 0.5 1 2 4 8 16 32
Bacterial species

E. coli 2 51 9 7 10 2 5 102 32 32

K. oxytoca 1 0 0 0 0 1 0 4 32 32

K. pneumoniae 1 10 23 23 2 1 2 24 2 32

Number. of occurrences(%) 4 (1.4) 61 (21.8) 32 (11.4) 30 (10.7) 12 (4.3) 4 (1.4) 7 (2.5) 130 (46.4)

Table 3 Distribution of PMQR determinants per organism

E. coli Escherichia coli, K. oxytoca Klebsiella oxytoca, K. pneumoniae Klebsiella 
pneumoniae, N Number, PMQR Plasmid mediated quinolone resistance

E. coli K. oxytoca K. pneumoniae Total
PMQR genes N = 188 N = 6 N = 86 N = 280

qnrB 20 (11%) 2 (33%) 45 (52%) 67 (24%)

qnrS 27 (14%) 1 (17%) 18 (21%) 46 (16%)

aac(6′)-Ib-cr 89 (47%) 5 (83%) 73 (85%) 167 (59%)

qepA 16 (9%) 0 (0%) 0 (0%) 16 (6%)

OqxA 2 (1%) 4 (67%) 83 (97%) 89 (32%)

OqxB 0 (0%) 3 (50%) 59 (69%) 62 (22%)

OqxAB 0 (0%) 3 (50%) 58 (67%) 61 (22%)

Table 4 MICs and amino acid changes in qepA E. coli isolates

CIP Ciprofloxacin, INTER Interpretation of susceptibility to Ciprofloxacin according to CLSI guidelines 2020 [16], Isolate ID Isolate identification number, MIC Minimum 
inhibitory concentration, qepA quinolone efflux pump

Isolate ID Accession Number Site Organism CIP MIC INTER qepA Variants Amino acid 
variation

F95 V134

E24 OQ031502 Kisii E. coli 32 R - F95 V134I

E28 OQ031503 Kisii E. coli 2 R qepA1 F95 V134

E40 OQ031504 Kisii E. coli 2 R qepA1 F95 V134

E42 OQ031505 Kisii E. coli 32 R qepA1 F95 V134

E49 OQ031499 Homabay E. coli 32 R qepA4 F95L V134I

E66 OP918677 Kisii E. coli 32 R qepA4 F95L V134I

E79 OQ031500 Homabay E. coli 32 R qepA4 F95L V134I

E80 OQ031501 Homabay E. coli 32 R qepA4 F95L V134I
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determinants with qnr combination being predominant 
in the co-existence of genes. On the other hand, Kleb-
siella spp had as many as nine different combinations 
and similarly, qnr gene combinations were predominant 
in the different combinations of determinants. The most 
common co-carriage in both bacterial species was qnrB 
with acc (6’) lb-cr found in 56/280 (20%). Additionally, 
acc(6’)-lb-cr co-existed with a majority of PMQR genes in 
both E. coli and Klebsiella spp isolates (Table 5).

Discussion
Fluoroquinolone resistance in Enterobacterales in chil-
dren under five years recently discharged from the hos-
pital is of great public health concern due to the risk of 
transmission of these bacteria to the community, and 
treatment failure, which may require re-hospitalization 
during the post-hospital discharge period. This study 
sought to determine the prevalence and correlates of CIP 
non-susceptibility, and distribution of PMQR genes in E. 
coli and Klebsiella spp, isolated from children under five 
years recently discharged from hospitals. We observed 
a high level of CIP resistance among children being dis-
charged from two hospitals in western Kenya and mul-
tiple fluoroquinolone resistance genes in Klebsiella spp 
and E. coli. Our findings show high levels of MICs to CIP 
in a majority of the CIP non-susceptible isolates, which 
is disturbing due to the relationship between increasing 
MICs leading to fluoroquinolone non-susceptibility and 
fluoroquinolone treatment failure [17]. This is particu-
larly important given that fluoroquinolones are recom-
mended therapies for the treatment of enteric infections 
such as shigellosis and salmonellosis [18, 19].

CIP non-susceptibility was detected in commensal E. 
coli (46%) and Klebsiella spp (38%) isolated from chil-
dren being discharged from hospital and there was con-
comitant high carriage of PMQR genes (80%) among the 
isolates. This is despite less than 1% of the hospitalized 
children receiving fluoroquinolone antibiotics during 
hospitalization. The high fluoroquinolone non-suscepti-
bility observed could be attributed to co-selection pres-
sure mediated by non-fluoroquinolone antibiotics 
especially cephalosporins such as ceftriaxone, facilitating 
the selection and carriage of PMQR genes as previously 
reported [20]. This situation is further exacerbated by 
resistance pressure mediated by ESBL production which 
is evident in this study; the presence of ESBL production 
is highly associated with CIP non-susceptibility carriage 
[21]. Almost all children in the study population received 
an antibiotic during their in-patient stay with penicillin, 
gentamicin, and ceftriaxone being the most prescribed 
antibiotics consistent with other findings in Kenya [22]. 
Antimicrobial usage has been associated with selective 
pressure for AMR in gut bacteria [23]; our findings show 
that there is a strong correlation between antibiotic use 
and the carriage of CIP non-susceptible bacteria. Nota-
bly, children presenting with diarrhoea were less likely to 
carry a CIP non-susceptible E. coli. Children with diar-
rhoea may be less likely to be treated with an antibiotic 
[24], treated with fewer antibiotics, and/or treated with 
shorter courses of antibiotics  compared to sepsis, mal-
nutrition and pneumonia. Despite being the guideline-
indicated antibiotic, CIP is rarely used for diarrhoea in 
this setting due to lack of availability and cost. Another 
reason could be during diarrhoeal episodes, there is gut 
dysbiosis that alters the gut composition [25] including 

Table 5 Co‑carriage of PMQR determinants per organism

E. coli Escherichia coli, No. Number, PMQR Plasmid mediated quinolone resistance, spp species

Organism

PMQR genes present E. coli Klebsiella spp No. of occurrences

At least one PMQR 133/188 92/92 225/280

qnrB + qnrS 0 2 2

qnrB + qnrS + aac(6′)-Ib-cr 0 1 1

qnrB + qnrS + aac(6′)-Ib-cr + oqxAB 0 1 1

qnrB + aac(6′)-Ib-cr 12 44 56

qnrB + acc (6’) lb-cr + oqxAB 0 25 25

qnrB + oqxAB 0 13 13

aac(6′)-Ib-cr + oqxAB 0 47 47

qnrS + aac(6′)-Ib-cr 6 15 21

qnrS + aac(6′)-Ib-cr + oqxAB 0 10 10

qepA + qnrS 3 0 3

qepA + aac(6′)-Ib-cr 3 0 3
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resistant bacteria colonizing the gut. Thereby children 
presenting with diarrhoea would have a lower chance of 
carrying CIP non-susceptible E. coli compared to chil-
dren without diarrhoea who have had the gut intact with 
colonized resistant bacteria.

PMQR genes facilitate low-level fluoroquinolone 
resistance, however, they select for higher-level resist-
ance mediated by mutations on genes encoding gyrase 
and topoisomerase enzymes [13]. In this study, we 
detected six (qnrB, qnrS, aac(6’)lb-cr, qepA, oqxA, and 
oqxB) PMQR genes mediating fluoroquinolone resistance 
in both E. coli and Klebsiella spp. One of the six PMQR 
genes (qepA) had not previously been detected in clini-
cal isolates in Kenya. The qepA gene has been reported 
in very few studies within the SSA region: Chad, Malawi, 
Egypt, Sierra Leon, and Nigeria [26–30]. Other PMQR 
determinants that have been identified in Kenya are 
aac(6’)-lb-cr, qnrB, qnrS in E. coli [31], qnrS, and oqxAB 
in K.pneumoniae [32, 33]. Intestinal carriage of PMQR 
genes in these bacteria has been reported in several 
studies in SSA and globally [34–36]. This is particularly 
worrying due to their potential transfer of these genetic 
determinants through mobile genetic elements to patho-
genic bacterial species, thereby mediating the transmis-
sion of resistant bacteria that may result in treatment 
failure.

The aac(6′)-Ib-cr gene was the most commonly 
detected PMQR determinant. Most of the Klebsiella spp 
(84.78%) harboured the gene aminoglycoside modifying 
enzyme while almost half of the E. coli isolates (90/188, 
48%) harbored the gene which is consistent with find-
ings from previous studies [37]. The aminoglycoside 
acetyltransferase enzymes have not only been associ-
ated with reduced susceptibility to fluoroquinolones 
but also to aminoglycosides, thus limiting effective anti-
biotic treatment [38]. Qnr genes were the second most 
widely detected PMQR determinants associated with 
resistance to fluoroquinolones with prevalence rates of 
40%. The prevalence of qnr genes (40%) was higher com-
pared to previous studies from Kenya which reported 
(2%) and (8.4%) [33, 39]. The qepA gene, one of the most 
recently identified PMQR determinants, has been asso-
ciated with decreased susceptibility to fluoroquinolo-
nes and increased MIC levels [13]. This determinant 
was detected in (16/188, 8.5%) E. coli isolates which was 
slightly lower compared to previous studies in Nigeria 
(18.5%) and Sierra Leon (23%) [28, 30]. DNA sequenc-
ing confirmed the existence of the qepA gene among E. 
coli isolates in Kenya with F95L and V134I amino acid 
substitution consistent with amino acid substitution 
reported in the qepA4 allele [40]. To our knowledge, this 
is the first report of the detection of qepA in Kenya; this 

is worrisome for public health and calls for more active 
fluoroquinolone resistance surveillance.

Co-carriage of PMQR plays a critical role in multid-
rug resistance as it influences increased MICs leading 
to decreased susceptibility to fluoroquinolone antibiot-
ics that may lead to treatment failure. We observed high 
multiple co-carriage in both E. coli and Klebsiella fluo-
roquinolone non-susceptible isolates with co-existence 
of aac(6’)lb-cr and qnrB, or qnrS genes, being the most 
predominant co-carriage in both bacteria. The preva-
lence of co-carriage between qnrB and aac(6’) lb-cr 
(20%) was found to be higher compared to findings 
from previous studies in SSA [41]. We observed co-car-
riage of qnrB with qnrS in two K. pneumoniae isolates, 
a phenomenon that has previously been reported in 
Klebsiella spp, however, its prevalence in this study was 
much lower compared than 18.75% reported in Togo 
[21]. This co-carriage could be attributed to multiple 
plasmids carrying the different qnr genes within the 
same genetic environment as has been previously dem-
onstrated [42]. Notably, 12 isolates with the rare qepA 
co-existed with other PMQR genes (qnrS or aac(6’)
lb-cr) which was consistent with findings from other 
previous studies [43]. Interestingly, one K. pneumoniae 
isolate co-harboured all determinants detected in this 
study except qnrA and qepA. This is concerning as the 
co-existence of multiple PMQR genes has been linked 
to resistance to multiple antibiotic classes due to the 
carriage of multiple plasmids carrying resistance deter-
minants to other classes of antibiotics.

This is one of the few studies that has characterized 
AMR determinants in children post-hospital discharge 
in SSA settings, including screening for a wide range of 
PMQR genetic determinants, highlighting the greater 
diversity and distribution of fluoroquinolone resistance 
genes. In addition, the focus on commensal E. coli and 
Klebsiella spp, two commonly isolated Enterobacte-
rales associated with the carriage of AMR determinants 
as indicator organisms for AMR carriage rather than 
pathogenic bacteria was important due to their ability 
to transfer AMR genetic elements.

This study had some limitations. CIP non-susceptibil-
ity was determined in a subset of isolates from children 
after discharge, which means there could be more non-
susceptible isolates that were not screened. Only two 
children in this study received CIP or rather a fluoro-
quinolone during admission, this may not be sufficient 
to clearly show the role of fluoroquinolone resistance 
in poor patient outcomes during the post-discharge 
period. Limiting the analysis to PCR detection only, 
other mechanisms mediating resistance such as point 
mutations which could be detected by comprehensive 
whole-genome sequencing analyses were not captured. 
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Being a cross-sectional study at the point of hospital 
discharge, we were unable to determine whether AMR 
was acquired at the community or nosocomially. Hav-
ing isolates at admission, the point at which treatment 
decisions are also made would be able to answer this 
question of the timing of AMR acquisition.

Conclusion
This study detected multiple PMQR genes and the first 
report of the qepA gene among CIP non-susceptible 
clinical E. coli and Klebsiella spp. The study observed 
high levels of CIP non-susceptibility and fluoroquinolone 
resistance carriage which could form a reservoir for the 
community spread of resistance, thus posing a great chal-
lenge in the effective treatment during hospital stays and 
subsequently during the post-hospital discharge period. 
We recommend enhanced surveillance for fluoroqui-
nolone resistance carriage which will be vital to inform 
interventions to control antimicrobial-resistant bacteria 
and antimicrobial stewardship in rural and peri-urban 
populations.

Materials and methods
Study design
This was a cross-sectional nested study from the Toto 
Bora trial [44] that utilized E. coli and Klebsiella spp iso-
lates recovered from fecal samples of children under five 
years discharged from two hospitals in western Kenya. 
Children being discharged from KTRH and HCRH aged 
between 1 -59 months were recruited in the parent study 
[44] to assess the effects of Azithromycin on mortality 
and rehospitalization in children under five years. The 
nested study used clinical, sociodemographic, and health 
history information collected during physical examina-
tion from children enrolled in the parent trial or inter-
views with their caregivers at hospital discharge. Faecal 
or rectal swab samples were collected before Azithromy-
cin administration was done. The swabs were cultured, 
isolates recovered and biochemically identified as previ-
ously described [44].

Parent trial
Bacterial isolation, identification, and AST
After laboratory culture, E. coli and Klebsiella spp isolates 
were identified and AST was performed by disc diffu-
sion as previously described [45]. Briefly, a rectal swab or 
whole stool was collected from the enrolled child and was 
inoculated on MacConkey Agar and incubated at 37  °C 
for 24 h within 24 h of specimen collection time. Mucoid, 
lactose, or non-lactose fermenting colonies suspected to 
be E. coli or Klebsiella spp were isolated and the API 20E 
(bioMérieux, Inc, Durham, NC, United States) system 

confirmed the species of bacteria. A total of 568 children 
were randomly selected in the parent study, from whom 
406 E. coli and 245 Klebsiella spp isolates were recovered 
and selected to have AST performed. The isolates were 
subjected to AST by disc diffusion to 5 μg of CIP (Oxoid, 
Hampshire, England) representing the fluoroquinolone 
antibiotic class. The isolates were also screened for ESBL 
production by the combined disc diffusion test and inter-
preted using the criteria from the Clinical and Labora-
tory Standards Institute (CLSI) [16]. E. coli ATCC 25922 
and E. coli NCTC 13351 were used as negative and posi-
tive controls respectively for ESBL screening. E. coli or 
Klebsiella spp isolates with intermediate (22-25  mm) or 
resistant (≤ 21 mm) phenotype zone size interpretations 
for CIP were considered CIP non-susceptible [16].

Nested study
CIP MIC determination by E‑test
In the nested study, MICs for CIP were determined by 
the E-test method on isolates that were CIP non-suscep-
tible by disc diffusion per CLSI guidelines [16]. Bacte-
rial colonies were suspended in 0.85% normal saline to 
a turbidity equivalent to 0.5 McFarland standard (bio-
Mérieux, Inc, Durham, NC, United States). The bacte-
rial suspension was inoculated on Mueller Hinton agar 
(Oxoid,  Hants,  United Kingdom) plates, and the CIP 
E-strips were placed at the center of the agar followed by 
incubation at 35  °C for 16 -18  h. Concentration ranges 
for MICs for E-test strips for CIP (0.002–32 µg/mL) (bio-
Mérieux Marcy l’Etoile, France) and non-susceptibility 
interpreted according to 2021 CLSI guidelines [16]. MIC 
results were classified as follows: susceptible (≤ 0.25 µg/
mL), intermediate (0.5 µg/mL), or resistant (≥ 1 µg/mL). 
E. coli ATCC 25922 was used as quality control for deter-
mining MICs by the E-test method.

DNA extraction and PMQR characterization
Genomic DNA was extracted using the boiling prepa-
ration method [46]. Extracted DNA was subjected to 
a series of single and multiplex PCR reactions to iden-
tify PMQR determinants: qnrA, qnrB, qnrS, aac(6’)-Ib, 
qepA, oqxA, and oqxB. PCR reactions were performed 
using previously described primers and PCR conditions 
[47–49] (Table S2). All isolates positive for the aac (6’)-
lb gene were further analyzed to determine carriage of 
the (-cr) variant associated with CIP resistance [48]. The 
PCR products and known positive strains were digested 
with the restriction enzyme BstCI (New England Biolabs, 
Ipswich, MA) to identify aac (6’)-lb-cr which lacks the 
BstCI restriction site present in CIP susceptible isolates 
as previously described [48]. The positive controls used 
in screening for PMQR genes were in-house isolates with 
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confirmed target genes by whole genome sequencing and 
sequence analysis [32]. The identity of the amplified qepA 
gene was confirmed by amplicon sequencing of both the 
forward and reverse strands. PCR products positive for 
the qepA gene were purified using DNA Clean & Con-
centrator™-25 Kit (Zymo Research, Orange, CA, USA) 
and sequenced by the Sanger sequencing method using 
an ABI 3730 DNA analyzer. The consensus nucleotide 
sequences were analyzed and compared to available 
sequences deposited in the GenBank at National Center 
for Biotechnology Information (NCBI) using the Basic 
Local Alignment Search Tool (BLAST) program (http:// 
blast. ncbi. nlm. nih. gov). The sequences of the qepA gene 
were submitted to GenBank.

Statistical analysis
Fluoroquinolone resistance was defined by combining 
resistant and intermediate interpretative breakpoints 
for CIP. Risk factors for fluoroquinolone resistance pre-
viously associated with AMR from published data were 
chosen to test for association [50]. Patient characteristics 
including age, sex, hospital site, duration of hospitaliza-
tion, antibiotic use at admission, HIV status, diagnosis 
at admission, and ESBL carriage were assessed. Poisson 
regression was used to determine prevalence ratios (PRs) 
and associated 95% confidence intervals (CIs) while Chi-
square test was used to determine p-values. Associations 
were considered statistically significant at an alpha of 
0.05. Analysis was performed in R software version 4.1.3.
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